Abstract--Even though the latest video compression techniques such as High Efficiency Video coding (HEVC) have succeeded in significantly alleviating the bandwidth consumption during high resolution video transmission, they have become severely susceptible to transmission errors. Overcoming the resulting temporal impact of the transmission errors on the decoded video requires efficient error resilient schemes that can introduce robustness features to the coded video in order to mitigate the negative impact on the viewer. To this end, this paper proposes a rate-controlled error resilient bit allocation scheme, together with an encoding parameter selection process, to adaptively determine the most robust video coding parameters and the decoder error concealment operations during the encoding itself. Consequently, the proposed method has demonstrated 0.48dB-0.62dB PSNR gain over the state-of-the art methods at the same bit rate.
I. INTRODUCTION
Multimedia industry is getting bigger and bigger with the development of technologies that can produce and display closer to real-life video contents such as HD (High Definition) and 4K/UHD (Ultra High Definition) [1] formats. In the meantime, transmission of these enriched video contents has put forth numerous challenges to service providers attributed to their high bandwidth and storage requirements. The role of video compression technologies such as HEVC (High Efficiency Video Coding) is crucially important in this regard as higher levels of compression can reduce both the bandwidth and the storage requirements [2] . However, as a consequence of exploiting more and more spatial and temporal correlations to achieve greater compression efficiencies, the coded videos become significantly vulnerable to information losses in the generated bit stream, more so when the coded videos are transmitted over lossy channels such as the increasingly popular wireless mediums. Therefore, it is of utmost importance to improve the coded videos' robustness to errors prior to the transmission over error prone channels.
To this end, video error resiliency techniques are developed to address this issue by incorporating redundant information at the encoder, so that the lost information can be reconstructed to varying precisions at the decoder. In this work techniques are developed to achieve the error resiliency by adaptively integrating intra-coded blocks within the coded video such that any error due to a loss of information does not temporally propagate throughout the video sequence. The proposed method consists of two major novel components, (i) an HEVC based optimal bit allocation algorithm which predicts the number of bits prior to the encoding and (ii) robust encoding parameters derivation process which includes motion vectors, coding modes and the error concealment type.
The remainder of this paper is organized as follows. First, a discussion of the state-of-the art in video error resilience is presented in Section II. This is followed by the proposed methodology in Section III. The performance of the proposed method is evaluated in Section IV, and is followed by the concluding remarks in Section V.
II. RELATED WORK A complete video error resilient framework comprises of two major inter-related operations namely error resilient video compression at the encoder and error concealment at the decoder. Out of all the available error concealment techniques, slice-copying and motion-copying are widely used in practical applications and both have been incorporated in this work consistent with the video content.
Moving to the error resilient aspects, Zhang et al. in [3] and Zhihai et al. in [4] have modeled the overall distortion of an H.263 coded video in terms of the quantization distortion and the channel distortion, assuming motion-copying and slicecopying respectively at the decoder. Later the distortion terms are re-used inside the rate-distortion cost function to determine the best coding mode. The authors in [5] extended the same model to H.264 and incorporated the error propagation impact to the motion estimation process.
However, these resiliency schemes cannot be immediately applied to the HEVC framework in their original form. The stronger temporal correlation in HEVC compared to H.264, leads to severe error propagation in the temporal domain [6] which cannot be captured by conventional error propagation models. In [7] , the authors have investigated the effect of packet loss, latency, bandwidth on the perceived video quality for an HEVC coded video. Furthermore, a temporal domain error propagation analysis and mitigation approach was presented in [8] , and a similar approach which effectively switches the TMVP feature in HEVC has been presented in [9] . However, these error resilient schemes only investigate the effect of error propagation due to motion vectors, and pixel domain error propagation has therefore not been considered. Furthermore, none of these methods have considered the optimal bit allocation during a rate-controlled scenario.
To this end, this paper proposes an error resilient framework for HEVC codec which operates in line with the HEVC rate controller. The proposed scheme comprises of two major novel components: an optimal bit allocation framework operating under erroneous environments prior to the encoding and a prediction model which derives the most robust encoding parameters and concealment operations during the encoding. III. PROPOSED METHOD Fig.1 illustrates the architecture of the proposed error resilient framework which comprises of three major components. The first component is accountable for optimal target bit allocation under a rate-controlled environment prior to the encoding whereas the second and the third components are designed to derive the most robust motion vectors and other video coding parameters for the derived target bit rate prior to the transmission over an error prone channel.
A. Error Resilient Motion Vector Estimation
Motion vector estimation inside the standard HEVC HM [10] encoder is performed by minimizing the cost function,
where
the Lagrangian multiplier which balances the rate cost and the residual cost during motion estimation and Rmv is the rate incurred by motion vectors. (All the notations used in this work are listed in Table I ).
However, the impact of the selected motion vectors on the propagated error from the reference picture is not accounted in (1) . Therefore, the motion estimation cost function under erroneous environments is amended as,
Where,
is the pixel level channel error propagation term which can be further simplified as, 
B. Error Resilient Aware Mode Selection
After deriving the motion vectors as explained in the previous sub section, the standard HM encoder determines the rest of the coding parameters (i.e., coding structure, coding mode, quantization parameter) by minimizing, 
Here the squared channel error term 
is the squared error propagation term whereas the squared error concealment term becomes
It should be noted that the last term in (6) is decomposable in above form as ECD being a constant term, is independent of the loss probability. Furthermore, the first term in (6) vanishes for intra blocks.
Equation (6) is computed by evaluating the proposed adaptive error concealment scheme in Condition 1 which is evaluated per slice basis. The chosen concealment mode is subsequently transmitted separately as an SEI (Supplemental Enhancement Information) NAL unit available in HEVC. The decoder uses this information while reconstructing a lost slice.
C. Optimal Target Bit Allocation
The standard HEVC HM encoder is designed in such a way that first the total available bits are distributed among the GOPs (Group of Pictures) and later the bits within a GOP are distributed among the video pictures and finally the bits within a picture are distributed among the CTUs (Coding Tree Units) [11] . While distributing the bits among the GOPs, the standard procedure devises a sliding window based mechanism which accounts for the discrepancies between the allocated and the consumed bits in the previous GOP. Similarly, in order to distribute the bits among the pictures within a GOP, HM encoder employs a hierarchical bit allocation scheme with predefined weights for each picture level. Finally, CTU level bit allocation is performed based on the allocated and the consumed bits of the co-located CTU in the reference frame.
During the CTU level bit allocation under erroneous environments Algorithm 1 is integrated in place of the standard bit allocation. As indicated in the Algorithm 1, the bit allocation for the current CTU is done based on the error propagation from the co-located CTU in the reference frame. Consequently , when the error propagation from the previous CTU is significantly higher than the rest of the CTUs within the frame, current CTU is allocated with significantly larger number of bits which may eventually be sufficient to encode the current block in intra-mode and to terminate the error propagation.
IV. RESULTS AND DISCUSSION
The proposed error resilient framework and two reference methods [4] , [5] are implemented in the HM16.2 HEVC reference software [10] . The configuration parameters used during the simulations are summarized in Table II . The CTUs (Coding Tree Units) within a frame are grouped into slices such that each slice contains a single row of CTUs during Finally, each coded video is evaluated for objective video quality after concealment operation at the decoder for 2%, 5%, 10% and 15% random packet drops. Table III summarizes the PSNR based objective video quality results for the proposed method, two state-of-the-art methods namely Zhihai [4] and Md+Me [5] and the standard HM encoding with motion-copying and slice-copying concealments at the decoder. The results are compared for six different video sequences. As, it can be seen in Table III , the proposed method has outperformed the state-of-the-art methods with a significant margin for all the packet error rates considered. The gains of the proposed method under different packet error rates have demonstrated similar performances leading to the conclusion that the proposed method can be equally applied in different forms of network conditions (i.e., . not particularly lossy channels to extremely lossy channels). In the meantime, as expected the state-of-the-art error resilient schemes have beaten the HM based concealment only approaches. Furthermore, the relative gain of the UHD content has become more visible compared to the HD content which can be interpreted as the accuracy of the coding parameter selection process becomes more crucial when there is a large amount of information, for instance the UHD videos contents. Fig.2 illustrates the behaviors of the resilient schemes under different bit rates for Musicians video sequence at 10% packet error rate (PER). As it is evident, the proposed optimal bit allocating algorithm has become more informative while allocating bit rates specially at lower bit rates making it ideal for low bit rate applications. V. CONCLUSION In this paper, a novel error resilient scheme compatible with the HEVC codec was presented. The proposed method consists of two novel components namely the optimal target bit allocation under erroneous environments and content adaptive coding parameter selection which includes most robust coding modes, motion vectors, coding structures as well as the optimal concealment operation at the decoder. The proposed resiliency scheme is compared against two state-of-the-art error resilient schemes and the standard HM based HEVC encoding [10] and has demonstrated an average 0.48-0.62dB performance improvement over the state-of-the art methods and up to 2.5dB gain over the standard HM encoder. Future work involves modeling the R-D behavior for error resilient HEVC encoding.
